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ABSTRACT 
QUANTITATIVE PERFORMANCE AND TRADEOFFS IN THE  
MAP KINASE SIGNALING MODULE 
January, 2009 
 
Stephen Chapman, B.S. University of California, Berkeley 
M.S., Chemical Engineering, California Institute of Technology 
Ph.D., Chemical Engineering, California Institute of Technology 
 
 Intracellular signal transduction networks propagate and integrate the information 
that cells sense from environmental stimuli. The quantitative performance of signaling 
networks regulates cell decisions, and aberrations in network performance lead to 
pathologies such as cancer. The mitogen-activated protein (MAP) kinase cascade is a 
highly-conserved signaling module that regulates diverse cellular processes, such as 
proliferation, differentiation, and apoptosis in eukaryotic species ranging from yeast to 
human. While the principal components and mechanisms that define the MAP kinase 
module are well established, our understanding of and ability to tune its quantitative 
performance is limited. Here, we probe more deeply how the quantitative properties of 
the MAP kinase module may be affected by variations in the expression levels of the key 
constituents of the cascade—kinases, phosphatases and scaffolds. 
 
Using a computational approach, we delineate how four quantitative properties—
responsiveness to input, dynamic range of output, signal amplification, and signal 
vi 
lifetime—depend on the relative abundances of the two core components of the MAPK 
module, kinases and phosphatases. We identify a reduced metric termed the ‘resistance to 
activation’ that predicts the quantitative properties of the module across a wide range of 
parameter values. Its predictive utility extends to dynamic properties such as signal 
lifetime, which often dictates the MAP kinase’s effect on cell function. Our analysis 
highlights tradeoffs in design, as not all quantitative attributes of the module can be 
simultaneously optimized. Thus, the resistance to activation captures the fundamental 
principles that determine cascade behavior and can be exploited to guide quantitative 
redesign of the MAP kinase module. 
 
In addition to the expression levels of kinases and phosphatases, scaffolds play a 
key role in signal propagation through the MAP kinase module. Protein scaffolds bring 
together multiple components of a signaling pathway, thereby promoting signal flux 
along a common physical “backbone.” Scaffolds figure prominently in natural signaling 
pathways and are emerging as a promising platform for synthetic circuits. To better 
understand how scaffolding quantitatively affects signal transmission, we conducted an in 
vivo experimental sensitivity analysis of MAP kinase response to broad perturbations in 
the expression level of Ste5, an exemplar scaffold of the yeast mating pathway. Our 
results demonstrate that the expression level of Ste5 significantly affects several 
quantitative aspects of signal propagation, including signal throughput, pathway 
ultrasensitivity, and baseline leakage. These new insights into the quantitative role of 
scaffolding in MAP kinase signaling suggest advantages and limitations in designing 
synthetic scaffold-based regulatory networks. 
vii 
TABLE OF CONTENTS 
Acknowledgements ....................................................................................................... iii 
Abstract...........................................................................................................................v 
Table of Contents ..........................................................................................................vii 
List of Figures .................................................................................................................x 
List of Tables ................................................................................................................xii 
CHAPTER I. Introduction ........................................................................ 1 
1. The canonical MAP kinase cascade .........................................................................1 
2. Quantitative attributes of MAP kinase pathways ......................................................5 
2.1 Ultrasensitivity: The MAP kinase module as a biochemical switch.....................5 
2.2 Bistability: Discrete transitions and biochemical ‘memory’ ................................8 
2.3 Signal dynamics: Transient versus sustained MAP Kinase responses lead to 
distinct cellular fates ..........................................................................................9 
2.4 Protein scaffolds quantitatively affect MAP kinase output................................11 
3. Current results: The effect of varying the expression levels of module components 
on the quantitative performance of the MAP kinase cascade..................................13 
4. References.............................................................................................................16 
CHAPTER II. Resistance to signal activation governs design features of 
the MAP Kinase signaling module ...................................................... 20 
1. Abstract .................................................................................................................20 
2. Introduction...........................................................................................................21 
3. Model Development - Schematic and Equations ....................................................26 
4. Results...................................................................................................................30 
4.1 Model construction identifies most tangible design opportunities .....................30 
4.2 Sustained input and steady-state features..........................................................30 
4.2-1 Potency.....................................................................................................33 
4.2-2 Range of output ........................................................................................35 
4.2-3 Signal amplification..................................................................................37 
4.2-4 Transient input and module dynamics .......................................................39 
4.3 Resistance to activation....................................................................................43 
viii 
4.4 Relaxation of resistance parameters..................................................................47 
5. Discussion .............................................................................................................53 
6. Appendix...............................................................................................................59 
7. Acknowledgements ...............................................................................................62 
8. References.............................................................................................................63 
CHAPTER III. Quantitative effect of scaffold abundance on signal 
propagation........................................................................................... 67 
1. Abstract .................................................................................................................67 
2. Introduction...........................................................................................................68 
3. Results and Discussion ..........................................................................................71 
3.1 Modulation of scaffold expression level ...........................................................71 
3.2 Effect of scaffold on signal throughput and pathway ultrasensitivity ................72 
3.3 Closer examination of the Ste5 module ............................................................75 
3.4 Sensitivity of signal quality to scaffold abundance ...........................................79 
3.5 Potential implications for natural and synthetic scaffold-based modules...........80 
4. Materials and Methods...........................................................................................82 
4.1 Strains..............................................................................................................82 
4.2 Plasmid constructs ...........................................................................................82 
4.3 Western blot.....................................................................................................83 
4.3-1 Cell growth and lysis ................................................................................83 
4.3-2 SDS-PAGE – quantitative Western blots only...........................................84 
4.3-3 Immuno-blotting.......................................................................................85 
4.3-4 Analysis – quantitative Western blots only................................................86 
4.4 Flow cytometry................................................................................................86 
4.5 Halo assays for α-factor sensitivity ..................................................................87 
5. Acknowledgements ...............................................................................................88 
6. Supplementary Data ..............................................................................................89 
6.1 Quantitative Western blot analysis ...................................................................89 
6.2 Dose-response properties as a function of Ste5 abundance ...............................90 
6.3 Signal fidelity is robust to perturbation in Ste5 expression................................92 
7. References.............................................................................................................94 
CHAPTER IV. Future work.................................................................... 97 
1. Experimental sensitivity analysis of scaffold perturbation in the HOG pathway.....97 
ix 
2. The effect of scaffold abundance on signal dynamics in the MAP kinase mating 
pathway ................................................................................................................99 
3. Extension of resistance metric to a scaffold-based MAP kinase cascade...............100 
4. Investigation of MAP kinase design properties that result from scaffold dimerization
...........................................................................................................................101 
4.1 Robustness to perturbation in scaffold abundance ..........................................102 
4.2 Dimerization may augment the scaffold’s contribution to signal fidelity.........104 
5. References...........................................................................................................108 
 
x 
LIST OF FIGURES 
Figure I-1. MAP kinase model schematic. .......................................................................2 
Figure I-2. MAP kinase scaffolds direct signal flow.........................................................5 
Figure I-3. Hill equation characterizes MAP kinase ultrasensitivity. ................................6 
Figure I-4. MAP kinase signal duration controls cell behavior. ......................................10 
Figure I-5. MAP kinase signal propagation biphasically depends on scaffold 
concentration. ....................................................................................................12 
Figure II-1. Model schematic.........................................................................................22 
Figure II-2. Temporal profile of module output in response to a step input: the effect of 
varying the relative amount of phosphatase versus kinase. .................................31 
Figure II-3. Module dose-response to changes in the relative amount of phosphatase 
versus kinase......................................................................................................32 
Figure II-4. Input potency..............................................................................................34 
Figure II-5. Dynamic range of module output. ...............................................................36 
Figure II-6. Signal amplification versus attenuation. ......................................................38 
Figure II-7. Temporal profile of module output following instantaneous loss of input....41 
Figure II-8. Output decay in semi-log format. ................................................................42 
Figure II-9. Half-life of Erk signal in response to an exponential decay in input. ...........43 
Figure II-10. The dependence of half-life of Erk signal on the resistance to activation for 
wide range of perturbations in 
s
!  and 
s
! ...........................................................45 
Figure II-11. The dependence of dynamic range of module output on resistance to 
activation for wide range of perturbations in 
s
!  and 
s
! . ....................................46 
Figure II-12. The dependence of input potency on resistance to activation for wide range 
of perturbations in 
s
!  and 
s
! . ...........................................................................47 
Figure II-13. Dynamic range as a function of single stage resistances. ...........................51 
Figure II-14. Potency as a function of single stage resistances. ......................................52 
Figure II-15. Sensitivity analysis of the ability of module resistance to predict half-life 
due to changes in 
s
!  and 
s
!  for perturbations in 
i
! . ..........................................59 
Figure II-16. Sensitivity analysis of the ability of module resistance to predict half-life 
due to changes in 
s
!  and 
s
!  for perturbations in 
i
! ...........................................60 
xi 
Figure II-17. Sensitivity analysis of the ability of module resistance to predict half-life 
due to changes in 
s
!  and 
s
!  for perturbations in 
i
! . .........................................61 
Figure III-1. The Ste5 scaffold and the pheromone MAP kinase pathway in S. cerevisiae.
..........................................................................................................................69 
Figure III-2. Modulating the expression level of the scaffold Ste5. ................................71 
Figure III-3. Sensitivity analysis of mating pathway response to perturbation in scaffold 
abundance..........................................................................................................73 
Figure III-4. Perturbation of scaffold abundance quantitatively alters phenotypic 
response. ............................................................................................................75 
Figure III-5. Phospho-MAPK response to perturbation in Ste5 expression.....................76 
Figure III-6. Quantitative measurements of phospho-MAP kinase and pFUS1-GFP 
responses. ..........................................................................................................76 
Figure III-7. Scaffold-limited and Ste7-limited regimes of signaling..............................78 
Figure III-8. Quantitative Western blot of Ste5myc abundance. .....................................89 
Figure III-9. Dose-response curves of pFUS1-GFP as a function of Ste5 abundance......91 
Figure III-10. Signal fidelity is robust to perturbations in Ste5 abundance......................93 
Figure IV-1. Scaffold dimerization permits signal activation for incompletely bound 
complexes via trans-phosphorylation. ..............................................................103 
Figure IV-2. A shared signaling intermediate can facilitate signal leakage. ..................105 
Figure IV-3. Model schematic of scaffold dimerization with signal crosstalk...............106 
 
xii 
LIST OF TABLES 
Table II–1. Five classes of dimensionless parameters specify module attributes.............29 
Table III–1. Yeast strains used in this study...................................................................82 
Table III–2. Plasmids used in this study.........................................................................83 
Table III–3. Quantitative characteristics of dose-response profiles. ................................90 
 
